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Abstract
Quasars are the most luminous sources in the Universe. They are cur-
rently observed out to redshift z ≈ 7 when the Universe was less than one
tenth of its present age. Since their discovery 50 years ago astronomers have
dreamed of using them as standard candles. Unfortunately quasars cover a
very large range (8 dex) of luminosity making them far from standard. We
briefly review several methods that can potentially exploit quasars properties
and allow us to obtain useful constraints on principal cosmological parame-
ters. Using our 4D Eigenvector 1 formalism we have found a way to effectively
isolate quasars radiating near the Eddington limit. If the Eddington ratio is
known, under several assumptions it is possible to derive distance indepen-
dent luminosities. We discuss and the main statistical and systematic errors
involved, and whether these “standard Eddington candles” can be actually
used to constrain cosmological models.
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1. Introduction
A majority of quasars can be identified from their distinctive emission
line spectra and continua rising toward the UV. The emission lines are broad
(FWHM & 1000 km s−1 ) and strong (equivalent width ∼ 102 A˚ in the
rest frame). Quasars are numerous, very luminous (even L ∼ 1048 erg s−1)
and observed over a wide redshift range (0 . z . 7). We can only repeat a
question that we asked years ago (Marziani et al., 2003a): why have quasars
never been successfully used as cosmological probes?
The reasons that quasars have not been used for cosmology (i.e. like super-
novæ) remains the same as ten years ago: they are sources with an evolving
luminosity function that is open-ended at low L (e.g. Grazian et al., 2000;
Boyle et al., 2000; Palanque-Delabrouille et al., 2013). Spectral properties do
not show strong signs of a luminosity dependence or, better said, quasars do
show self-similar broad line spectra with varying luminosity, black hole mass,
and redshift. This is not to say that all quasar spectra are identical but that
neither luminosity nor mass are the main drivers of quasar spectral diversity.
Quasars are also anisotropic sources most easily seen at radio frequencies
where relativistic beaming is observed in some radio-loud sources (e.g., Urry
and Padovani, 1995).
Given these properties it is reasonable to ask if quasars can tell us any-
thing about the geometry of the Universe. After fifty years of study the
answer to this question appears to be a cautious “yes.” A first hint comes
from consideration of the Hubble diagram for the brightest quasars. One can
predict the apparent magnitude of a quasar with “maximum” mass and ra-
diating at Eddington limit and derive some constraint on the distance scale.
If this computation is carried out (Bartelmann et al., 2009), one derives H0
values that are in agreement with present-day estimates (≈ 60-70 km s−1
Mpc−1). Clearly we are a far cry from the original Hubble estimate of 500
km s−1 Mpc−1 (Hubble, 1929).
2. Major approaches
We can go much beyond the elementary consideration outlined above.
In the last decades several techniques were devised to exploit quasars for
cosmology. They can be grouped into three major approaches:
• correlations with luminosity;
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• identification and measurement of standard rulers (often from time
delays);
• identification of “Eddington standard candles” in the general quasar
population.
Other methods are not based on the intrinsic properties of quasars but
rather on the matter distribution mapped through the light emitted by
quasars (for example baryon acoustic oscillations in the quasar Lyα forest;
Busca et al. 2013) or the spatial distribution of quasars. They will not be
further considered here. In the following we will briefly review the merits
of the first two approaches and focus on the “Eddington standard candle”
approach.
3. Luminosity correlations
An anti-correlation between the equivalent width (EW) of high ionisation
Civ1549 and continuum specific luminosity was found in a small sample of
core-dominated radio loud sources (Baldwin, 1977). This “Baldwin effect” –
as the anti-correlation came to be known – took on a life of its own and was
confirmed in a large number of subsequent studies (see Sulentic et al. 2000a
for a synopsis up to mid-1999) but always with increasing looseness. Modern
formulations of the Baldwin effect involve a weak anti-correlation (with slope
≈ -0.1) that becomes significant only if large samples are considered. Most
recent detections of the Baldwin effect consider samples in excess of 20000
sources (Bian et al., 2012). The cosmological expectations raised by the
original Baldwin Effect foundered on the large dispersion observed in subse-
quent studies. The discovery of a sizable population of low-z, low luminos-
ity quasars with EW Civ comparable to values observed in high-luminosity
quasars also made the effect sample-dependent (Kinney et al., 1990): low Civ
EW sources at low luminosity are mainly Narrow Line Seyfert 1s (NLSy1s)
that are more frequent in soft X-ray selected samples. The major factor
governing the Baldwin effect was unveiled by the discovery that EW Civ
is much more strongly dependent on Eddington ratio than on luminosity
(Bachev et al., 2004; Baskin and Laor, 2004): Baskin and Laor (2004) found
correlation coefficients rS ≈ −0.6 and rS ≈ −0.15 for Eddington ratio and
luminosity, respectively. This result implies a strong role for selection effects:
in a flux limited sample the higher Eddington radiators are preferentially se-
lected at larger distances. It is possible to show that a weak correlation
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between equivalent width and luminosity will also arise in an ideal complete
sample because of the strong correlation between EW and Eddington ratio
and that a flux limit makes it possible to account for the observed correlation
slope (Marziani et al., 2008).
4. Measuring standard rulers in quasars
Generally speaking the standard rulers sought for cosmological purposes
are either uncomfortably extra large (weak lensing), or exceedingly small
(quasars). Restricting the attention to quasars, a linear size that can be
used as a standard ruler is the distance between the broad line emitting gas
and the central continuum source (hereafter the broad line region radius,
rBLR). This distance has been measured via reverberation mapping for ≈
60 active nuclei and quasars at z . 1 (Bentz et al., 2013) with programmes
underway to measure rBLR in more distant quasars (e.g., Kaspi et al., 2007;
Trevese et al., 2007; Chelouche et al., 2012; Woo et al., 2013). Line lumi-
nosity arises from photoionization by an FUV continuum and lines respond
to continuum luminosity changes with a time delay, rBLR ≈ cτ . The radius
rBLR is obtained by measuring the peak or centroid displacement of the cross-
correlation function between the light curves of the continuum and a strong
line. While the meaning of this measure is not fully clear (Devereux, 2013),
rBLR is measured in a way that is redshift independent. If it were possible
to measure the angular size of the BLR then a redshift independent value
of the angular distance dA would follow: dA(H0,ΩM,ΩΛ) = cτ/θ
′′ (Elvis and
Karovska, 2002). However, our ability to resolve the broad line region is still
beyond reach of the most advanced optical interferometers (ESO VLTI, etc.):
the angular size subtended by the broad line region in some of the nearest
sources is no more than a few tenths of milliarcsecond.
A second method employing the BLR size as a standard ruler is based
on the expected dependence of rBLR with luminosity, originally predicted
on the basis of photoionization physics (Davidson, 1972; Krolik and McKee,
1978) and observationally confirmed from from reverberation data: rBLR =
cτ ∝ √L (Bentz et al., 2013, and references thererin; see also Kaspi et al.
2005). The ratio τ/
√
λfλ is proportional to dL(H0,ΩM,ΩΛ) (Watson et al.,
2011; Czerny et al., 2012). A challenge is to measure τ for a large number
of objects. Chances of success may have increased using the newly devised
technique of photometric reverberation mapping (Haas et al., 2011) that is
less time-demanding than spectroscopic monitoring.
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Figure 1: Selection of high Eddington ratio candidates from emission line properties. The
left panel shows the continuum subtracted spectral region around Hβ of the spectral type
A3 median composite computed by Marziani et al. (2013b); the right panel the 1900 A˚
range for the same spectral type from Bachev et al. (2004). The magenta dashed lines
show models of the total line emission. Other lines trace individual line components
or emission templates: broad components (thick filled), narrow line components (orange),
Feii templates (pale green), Feiii template in the UV (dark green), blue shifted component
of Hβ (blue). The dot-dashed vertical lines identity the rest frame wavelength of Hβ (left
panel) and the doublet Aliiiλ1860, Siiii]λ1892, and Ciii]λ1909 (right). The intensity
Ciii]λ1909 is poorly determined because of the prominent Feiii emission and possible Lyα
pumping of Feiiiλ1914. Even if no Lyα pumping is assumed the intensity of Ciii]λ1909
remains lower or similar to the one of Siiii]λ1892.
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5. Eddington standard candles
5.1. The 4D Eigenvector 1 space
It is now widely accepted that quasars are powered by accretion onto a
massive compact object – most likely a supermassive black hole (see e.g.,
D’Onofrio et al., 2012, and references therein). Mass accretion rate governs
the bolometric luminosity L; however, observed spectroscopic parameters
are too weakly dependent on L to provide a redshift independent estimate
of bolometric luminosity. Quasars are an almost self similar phenomenon
over an extremely wide range of black hole mass (Zamanov and Marziani,
2002). Nonetheless, in the course of the last two decades it has been possible
to organize quasar diversity along systematic trends. The first successful
attempt involved a principal component analysis of measures for bright PG
quasars (Boroson and Green, 1992). Subsequent studies revealed correlations
between the first eigenvector (E1) of quasar samples and other observational
parameters (e.g., Wang et al., 1996; Sulentic et al., 2000a, 2007; Kruczek
et al., 2011; Tang et al., 2012). Source luminosity (associated with the second
eigenvector) and high-ionization emission line properties are more weakly
correlated (Dietrich et al., 2002), as summarized in § 3.
A 4D Eigenvector 1 parameter space using four measures has proved espe-
cially useful for characterising E1 trends (Sulentic et al., 2000a,b, 2007). The
measures are associated with: 1) velocity dispersion in the low-ionization line
emitting region i.e., the FWHM of Hβ, 2) physical conditions in the broad
line region, described by the intensity ratio between the Feiiopt blend centered
at 4570 A˚ and Hβ, RFe = I(Feiiλ4570)/I(Hβ), 3) strength of a soft X-ray
thermal continuum component represented by the soft-X photon index, and
4) amplitude of systematic nonvirial motions in high ionization gas i.e., the
amplitude of the Civλ 1549 line blueshift. Eddington ratio is likely to be
the principal driver of 4DE1 (e.g., Boroson and Green, 1992; Marziani et al.,
2001, 2003b; Baskin and Laor, 2005). The elongated source distribution in
the optical plane of 4DE1 defined by FWHM Hβ vs. RFe, appears to be
an Eddington ratio sequence (see e.g., Marziani and Sulentic, 2012b; Zamfir
et al., 2010, for diagrams showing the source distribution for large low-z sam-
ples). As the word say, E1 is intrinsically a 1D vector in an n-dimensional
space of parameters. There are several parameters that correlate with the
original E1 in addition to the four ones included in the 4DE1 formulation.
Among them, the hard X–ray continuum shape (e.g., Fanali et al., 2013), and
the prominence of Aliiiλ1860 emission (Bachev et al., 2004; Negrete et al.,
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2012). Could one of more E1 correlates be the path to selecting standard
Eddington candles?
5.2. Extreme Eddington radiators
If the Eddington ratio is known (L/LEdd ∝ L/MBH), then the bolometric
luminosity can be derived if the mass MBH is also known. Estimates of black
hole mass have now been made for tens of thousands of quasars (Marziani
and Sulentic, 2012a; Shen, 2013) following the assumption that some emis-
sion lines are broadened by virial motion. Under the virial assumption it
is possible to compute MBH = fSrBLRFWHM
2/G (where fS is a structure
factor ≈ 1) and hence derive the bolometric luminosity L. In principle this
approach can be applied to quasars of any Eddington ratio (Davis and Laor,
2011) but, in practice, attempts have been focused on a minority of quasars
that are believed to radiate close to an extreme luminosity associated with
the Eddington limit.
The condition L/LEdd → 1 (up to a few times the Eddington luminos-
ity) is physically motivated. When the mass accretion rate becomes super-
Eddington, emitted radiation is advected toward the black hole, so that
the source luminosity increases only with the logarithm of accretion rate
(Abramowicz et al., 1988; Mineshige et al., 2000). The accretion flow re-
mains optically thick so that radiation pressure “fattens” it.
5.2.1. The steepest X-ray sources
The resulting “slim” accretion disk is expected to emit a steep soft and
hard X-ray spectrum, with hard X-ray photon index (computed between
2 and 20 KeV) converging toward Γhard ≈ 2.5 and bolometric luminosity
saturating to
L ≈ λL
[
1 + const. ln
(
m˙
50
)]
MBH, (1)
where m˙ is the dimensionless accretion rate (Mineshige et al., 2000), and λL is
a constant related to the asymptotic L/MBH ratio for m˙ → ∞. This result,
along with the expression for virial black hole mass, allowed Wang et al.
(2013) to write a redshift independent formula for the quasar bolometric
luminosity. Magnitude differences between the z independent estimates and
the standard estimates based on redshift converge to 0 with a scatter that is
≈ 1. magnitude at 1 σ confidence level, if 2.3 . Γhard . 2.5. This method
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is based on the theoretical prediction of the existence of super-Eddington
accretors whose hard X-ray spectrum shows a steep slope.
A challenge in this case is to find a sample that is large enough because
only 12 suitable objects at 0 . z . 0.5 have been found by Wang et al.
(2013). In addition, we did not favor hard X-ray measures as key 4DE1
parameters (Sulentic et al., 2000a) because they showed weaker correlation
with optical/UV line parameters than Γsoft. Current X-ray databases do not
allow us to exploit the soft X-ray excess as a selector of Eddington candles.
Instead we look to other UV parameters that are more closely correlated with
4DE1 parameters most tightly dependent on Eddington ratio.
5.2.2. The strongest Feii emitters
Extreme sources (hereafter extreme Pop. A sources in 4DE1: or xA)
do not show only a soft X-ray excess or a steep X-ray continuum but also
the largest RFe values. This measure is already available for hundreds of
low z quasars. A potential 4DE1 correlate involves the prominence of the
resonance doublet of Aliiiλ1860 (Sulentic et al., 2007; Negrete et al., 2012).
The appearance of the optical and UV spectrum of these sources is shown
in Fig. 1. Avoiding any line width definition, the following two criteria are
suitable for selecting high-L/LEdd candidates over a wide z range: 1) RFe &
1.0; 2) I(Aliiiλ1860) & 0.5 I(Siiii]λ1892) (Marziani & Sulentic, submitted).
These conditions are sufficient to isolate sources radiating close, or better
said, closest to the Eddingon limit. They are satisfied by ≈ 10% of a low-z
sample based on the SDSS (Zamfir et al., 2010). The width of Aliiiλ1860,
Siiii]λ1892, and Hβ are extremely well correlated (Negrete et al., 2013).
Under the virial assumption, it is possible to write the bolometric lumi-
nosity of a source radiating at a given Eddington ratio in terms of the line
broadening:
L(δv) ≈
(
ζ2L
4pichG2
)
f 2S
(
L
LEdd
)2 (
κ
ν¯i
)
1
(nHU)
(δv)4, (2)
where ζL ≈ 104.81 erg s−1 g−1, the ionizing luminosity is assumed to be
Lion = κL, with κ ≈ 0.5. The variable ν¯i is the average frequency of the
ionizing photons, and the product nHU , density times ionisation parameter, is
the ionizing photon flux. Eq. 2 assumes a strict validity of the relation rBLR ∝√
L. This assumption appears to be verified for the general population of
quasars, i.e., for quasars of any Eddington ratio, and should be even more
8
true for a sample of quasars whose Eddington ratio values cluster around
a fixed value with a small dispersion. A violation would imply luminosity-
dependent effects on the diagnostic line ratios which we do not see.
Empirical estimates show that the L/LEdd distribution decreases near
L/LEdd ≈ 1 (e.g., Woo and Urry, 2002; Shen et al., 2011). When the
L/LEdd distribution for xA sources is computed, they are found to be the
sources closest to the Eddington limit, clustering around the largest values
with small dispersion. The a-posteriori distribution of Eddington ratio val-
ues for a sample selected according to the diagnostic criteria indeed shows
clustering → 1 with small dispersion, ≈ 0.15 dex (Fig. 2).
There is no claim that the distribution of Fig. 2 is peaked around a true
(unbiased) Eddington ratio value. Several systematic effects could influence
our estimate. The most relevant one is related to the orientation of the
emitting region. The expected systematic effect of orientation increases the
average L/LEdd: if the broad line region is flattened, then our computations
will systematically overestimate L/LEdd since the FWHM will be reduced
in all cases because the line-of-sight component of the virial velocity will
appear always less than the true one. However, this is not affecting the
usefulness of xA sources as Eddington standard candles, provided that they
really cluster around some value of Eddington ratio with a small dispersion.
Fig. 2 shows an a-posteriori confirmation that the L/LEdd distribution is
tight. This results does not depend on cosmology: changing values for the
Ωs affects little the distribution dispersion. The L/LEdd entering Eq. 2 has
been computed from the L/MBH ratio, and L assuming a value of H0 at very
low redshift when the Ωs’ influence is negligible.
Strictly speaking, even if all other parameters are expression of the quasar
intrinsic properties, H0 cannot be independently estimated because of cir-
cularity in assuming L/LEdd ≈ 1. Avoiding any circularity in Eq. 2 would
require z-independent bolometric luminosity estimates for very low-z extreme
accretors, for example from type Ia supernovæ in the host galaxies or from
reverberation mapping measurements of time delay. In practice, the values
of the quasar parameters entering Eq. 2 are so uncertain that the derived H0
is poorly determined and has to be assumed. The key in using Eq. 2 for Ωs
estimation is that the dispersion around any parameter value is small, not
that we know its true value.
Are xA sources the super-Eddington accretors postulated by Wang et al.
(2013)? xA sources are relatively frequent at low-z, ≈ 10% of optically se-
lected samples. The estimates of L/LEdd are all below L/LEdd ≈ 2, the value
9
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Figure 2: A posteriori distribution of Eddington ratio for the preliminary sample of 63
high Eddington ratio sources analyzed by Marziani & Sulentic (2013, in preparation). The
different colours identify three subsamples: sources in the redshift range 0.4 ≤ z ≤ 0.75
(green Marziani et al., 2013b); sources from an Hamburg-ESO sample based on Hβ IR
observations (blue Marziani et al., 2009); sources from an SDSS selected sample based on
the appearance of the λ1900 blend (yellow).
predicted for super-Eddington accretors. Both the super-Eddington accre-
tors of Wang et al. (2013) and xA sources are sought looking at one extreme
property. The extreme properties are correlated in the 4DE1 context, so that
it is likely that super-Eddington accretors are included in the xA sample, but
they may be a fraction of all xA sources.
5.3. A preliminary application
Can any method based on Eddington ratio standard candles be applied
to actual data and give relevant results? We selected a preliminary sample
comprising sources in three redshift ranges. Of two Hβ samples, one was
based on SDSS spectra with 0.4 < z < 0.75 and a second one on published
Hβ VLT ISAAC observations, with 0.9 < z < 1.5. A third sample used the
criterion on Aliiiλ1860 and was based on SDSS in the redshift range 2 < z <
2.6. The three samples yielded 63 sources in total. We then compared the
“virial luminosity” L(δv) and bolometric luminosity L estimated for various
cosmological models.
∆ logL = logL(δv)− logL(z,H0,ΩM,ΩΛ) (3)
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The upper panel of Fig. 3 shows the “Hubble diagram” for the prelim-
inary sample. Virial bolometric luminosity (computed from the best guess
of parameters in Eq. 2) and z-based bolometric luminosity (computed for
concordance cosmology; Hinshaw et al. 2009) are plotted as a function of red-
shift. The lower panel shows the residuals. Residual average is different from
0 and their slope is slightly nonzero. The differences are not significant and
this preliminary application shows consistence with concordance cosmology.
With the rms and the size of the preliminary sample we can statistically ex-
clude only models like a Λ- (ΩΛ = 1,ΩM = 0) or matter-dominated (ΩΛ = 0,
ΩM = 1) flat Universe. In the first case the slope of the residuals becomes
strongly negative because L(z,H0,ΩM,ΩΛ) is too large with respect to the
virial luminosity; if instead ΩΛ = 0, ΩM = 1 is assumed, L(z,H0,ΩM,ΩΛ) is
too small and the slope is positive.
5.3.1. Uncertainties
More than gaining conclusive results (apart from excluding extreme mod-
els already ruled out since long), experimenting with a small sample of 63
objects helped us understand the requirements for a sample of quasars able to
set meaningful constraints on cosmological parameters. As mentioned, the
virial bolometric luminosity depends on several parameters whose precise
value is poorly known but that should be the same for all sources radiating
at limiting Eddington ratio with a hopefully small dispersion. The Hβ pro-
file of xA sources can be almost always modelled with an unshifted (virial)
Lorentzian component plus an additional component affecting the line base.
The profile similarity suggests the same, reproducible structure. The param-
eters related to the continuum shape should also show very small dispersion
since xA sources show very similar emission line spectra (Nikolajuk et al.,
2004). The sample standard deviation of ∆ logL in our preliminary sample
is ≈0.4 dex. It is a large value that reflect in parts the low S/N of most
spectra.
Looking in more detail at the parameters entering Eq. 2, we can estimate
each parameter’s contribution to the total error (a more detailed discussion
of the error budget is presented in Marziani & Sulentic, 2013, submitted).
The factor κ/ν¯i may appear especially uncertain since it involves the scantly
observed far UV quasar spectral energy disturbution. However, we have
to make a restriction to spectral energy distributions appropriate for Pop.
A sources, at least, or for large RFe NLSy1s, at best. We considered four
continuum models: the ones of Mathews and Ferland (1987) and Korista
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et al. (1997), a NLSy1 spectral energy distribution derived from Grupe et al.
(2010) and Panessa et al. (2011). Since κ ≈ .5, and hν¯i ≈ 40−60 eV, there is
a scatter of 0.033 dex in ionizing luminosity induced by the differences in the
four continua. The ionizing photon flux UnH is estimated from the diagnostic
ratios. An average value (109.6 cm−3) has been assumed in the calculation of
the virial luminosity for the sources of the preliminary sample. Dispersion
has been estimated to be ≈ 0.1 dex. The structure factor fS has been derived
by scaling the correlation between virial product rBLRδv
2/G and host galaxy
velocity dispersion to agree with the same correlation for non-active galaxies
(Onken et al., 2004), and its uncertainty is δfS/fS ≈ 0.2. Our sources show
very similar Hβ profiles, all of them consistent with a Lorentzian component
and a blue shifted additional component. Since L/LEdd is probably a major
factor governing BLR structure, we may expect δfS/fS  0.2. Statistical
errors on the virial luminosity should be combined with errors associated to
the conventional bolometric luminosity determination. Uncertainties on z,
spectrophotometry, and bolometric correction contribute to the error budget
with ≈0.1 dex. We obtain a total rms ≈ 0.4, consistent with the scatter of
our preliminary data. The main hope for improving statistical error resides
in more precise measures of FWHM since the line broadening enters with the
fourth power in Eq. 2. Reducing FWHM measurements uncertainty from
15% to 5% would reduce the total scatter to ≈0.3 dex. Therefore, the rms
could be lowered to ≈0.3 dex by simply considering better data.
The most important systematic effect that we were able to identify (Su-
lentic & Marziani, submitted) is related to the bolometric correction needed
to convert monochromatic luminosities at 5100 A˚ and 1800 A˚ into bolomet-
ric luminosity, or better, to the ratio λfλ,5100/λfλ,1800. Likely values of this
ratio range from 0.63 (the standard Mathews and Ferland 1987 model contin-
uum) to 0.7 (the observed I Zw 1 spectrum). A small change in the assumed
λfλ,5100/λfλ,1800 has a significant effect on ΩM because it affects the average
∆ logL at high redshift. Calibration observations of sources for which Hβ
and the 1900 blend are simultaneously covered are needed to determine an
average λfλ,5100/λfλ,1800 and its dispersion.
Systematic differences in the parameters entering Eq. 2 as a function
of the diagnostic ratio RFe are also expected. They will contribute to the
overall sample rms but should not introduce any systematic effects if the
distribution of RFe values remains constant with z. The sample rms could
be further reduced if a trend involving RFe and ionizing photon flux is found.
Exploring this possibility will become feasible once a large sample of xA
12
sources is created.
6. Comparison with Supernovæ, Prospects, and Caveats
6.1. Concordance cosmology from supernovæ and prospects for Eddington
standard candles
Only few Supernovæ at z & 1 had been discovered at the turn of the
century. At that time the Hubble diagram with type Ia supernovæ showed
a large scatter, although the supernova data points appeared systematically
fainter than expected. The observations sampled mainly the redshift interval
where the effect of nonzero Λ yields an accelerated expansion. At the time
of writing, supernova surveys have produced and analysed data for ≈ 500
supernovæ (Conley et al., 2011), although the wide majority are still at
z . 1. In addition the WMAP 9 yr combined results and the Planck probe
results indicate that ΩM and ΩΛ are known with an accuracy of a few percent.
Surveys are planned to improve the precision down to 1-percent level. The
accelerated expansion of the Universe is perhaps not anymore an issue.
There is however an advantage due to the ability of quasar data to cover al-
most uniformly the range between 0 and 4. Supernovæ have been discovered
mainly at z . 1, and Planck and WMAP deal after all with features detected
at the surface of last scattering when the Universe became transparent to ra-
diation, at z ∼ 1000. Quasars can sample cosmic epochs when the negative
pressure of dark energy was dominating, as well as earlier epochs when the
Universe expansion was still dominated by the effect of matter (z & 1). If
400 xA sources with rms ≈0.3 dex can be found then constraints on ΩM will
be meaningful. Fig. 4 shows the expectations for a 400-strong quasar mock
sample simulated with uniform rms = 0.3 over the redshift range 0.2 – 3.0
(details are provided in Marziani & Sulentic, submitted). Quasars will yield
similar constraints on ΩM as supernovæ since they are able to chart cos-
mic epochs when matter dominated cosmic expansion. In both cases, only
statistical errors were considered.
We are still far from the precision of absolute magnitude of type Ia super-
novæ whose dispersion is now estimated ≈ 0.15 mag (Folatelli et al., 2010;
Hook, 2013). The dispersion in Eddington candles is also much larger than
the dispersion in the rBLR – L relation, ≈ 0.13 dex that has been proposed by
Watson et al. (2011) as a valuable cosmological ruler. Even if the dispersion
in bolometric luminosity of the Eddington standard candles is disarmingly
large (but it is likely that the rms can be significantly reduced as it happened
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Figure 3: Top: Decimal logarithm of bolometric luminosity L(δv) computed from the
virial equation (green), and from the customary relation involving specific flux and red-
shift (blue), assuming concordance cosmology versus redshift L(z,H0,ΩM,ΩΛ), for a pre-
liminary sample of 63 quasars discussed in this paper. The bottom panel shows residuals
∆ logL = logL(δv) − logL(z,H0,ΩM,ΩΛ). In principle the valid cosmological model
should give 0 average and slope 0 for the residuals.
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for supernovæ; Jacoby et al. 1992, and references therein), our preliminary
analysis has shown that they might be useful if one exploits the possibility
of building large samples uniformly covering a wide redshift range.
6.2. Caveats
The physics behind xA sources is still poorly understood. xA sources have
low equivalent width in all the strongest broad emission lines i.e, Civλ1549
and Balmer lines. The reason of the low equivalent width is not fully clear
(Diamond-Stanic et al., 2009; Shemmer et al., 2010) but extreme Edding-
ton ratio sources may have stripped the BLR of the lower column density
gas (Netzer and Marziani, 2010) leaving only the densest part of the BLR
for low-ionization line emission (Marziani et al., 2010; Negrete et al., 2013).
A4 sources show extreme iron and aluminium emission, and this might be
associated to chemical enrichment (Nagao et al., 2006; Juarez et al., 2009).
Selective aluminium and silicon abundance enhancement can occur in su-
pernova ejecta (Woosley and Weaver, 1995), and such enhancement may be
needed to explain in detail the emission line ratios observed in A3 and espe-
cially A4 sources (Negrete et al., 2012). This in turns lead us to the issue
of a particular evolutionary state that may be associated with the extreme
Eddington radiators, and with the feedback relation between star formation
and black hole accretion (e. g., Silk, 2013). An important open issue is the
relation between extreme Eddington ratio and enhancement of circumnuclear
star formation (Sani et al., 2010). It is also not clear whether/how slim disk
models that predict a large Γhard can consistently account for the soft X-ray
excess i.e., for the large Γsoft. The asymptotic value of the bolometric lu-
minosity of the slim disk also depends on the poorly known viscosity and
opacity properties of the disk (e.g., Dotan and Shaviv, 2011, and references
therein).
We cannot ignore that there are caveats also for the radius-luminosity
method: using cτ as a standard linear ruler is certainly appealing, but is there
here any well-known structure here that is employed as a standard ruler for
cosmology? Since the broad line region is not resolved, it is not obvious if this
is the case. It is known since long (e.g., Netzer, 1990) that rBLR derived with
reverberation mapping can differ from what is ideally expected to measure
i.e., an emissivity weighted distance from the central continuum source. The
issue is certainly not settled (Devereux, 2013). Unclear aspects involve the
uncertain effect of radiation forces and the physical conditions that are likely
to be different from object to objects, as pointed out by Watson et al. (2011).
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flat
Figure 4: Comparison between the constraints set by the supernova photometric survey
described by Campbell et al. (2013) (red lines) and an hypothetical mock sample of 400
quasars with rms = 0.3 that assumes concordance cosmology (shaded contours). Confi-
dence intervals are at 1 and 2 σ for supernovæ and 1, 2, 3 σ for the quasar mock sample.
The flat geometry loci ΩM + ΩΛ = 1 are also shown. Note the potential ability of the
quasar sample to better constrain ΩM. Only statistical errors are included in both cases.
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Low-z reverberation measures are mainly for Hβ, but Hβ observations in the
IR are still difficult at the time of writing. Resorting to prominent UV
resonance lines will require a careful inter calibration not unlike the one
needed for combining optical and UV data for Eddington standard candles.
7. Conclusion
The potential of using quasars for cosmographic studies has not yet been
exploited. Promising methods based on quasar intrinsic properties involve
the identification of “Eddington standard candles” and the use of the broad
line region distance from the quasar continuum sources as a geometric ruler
whose dependence on luminosity is known. Both methods are still relatively
untested at present and should be further investigated in the near future.
Ideally, standard candles distributed uniformly over a wide redshift range
(0 . z . 4) could even provide z-dependent constraint on the physics of
accelerated expansion, and specifically on the cosmic evolution of the dark
energy equation of state (e.g. Riess et al., 2007).
The 4DE1 formalism appears to be the most promising path towards iden-
tifying extreme Eddington radiators. It remains to be seen whether well-
defined observational properties described in this paper and by Wang et al.
(2013) could be exploited for refining a cosmologically useful sample. Ed-
dington standard candles can already explore a range of distance where the
metric of the Universe has not yet been “charted”. A preliminary sample
gives encouraging results but known systematic effects have to be carefully
quantified and statistical errors reduced before a successful determination of
at least ΩM can be claimed.
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